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We investigated the doping effects of magnetic and nonmagnetic impurities on the single- 
crystalline p-type Bao.5Ko.5Fe2-2xM2xAs2 (M = Mn, Ru, Co, Ni, Cu and Zn) superconductors. 
The superconductivity indicates robustly against impurity of Ru, while weakly against the impuri- 
ties of Mn, Co, Ni, Cu, and Zn. However, the present T c suppression rate of both magnetic and 
and nonmagnetic impurities remains much lower than what was expected for the s±-wave model. 
The temperature dependence of resistivity data is observed an obvious low-T upturn for the crystals 
doped with high-level impurity, which is due to the occurrence of localization. Thus, the relatively 
weak T c suppression effect from Mn, Co, Ni, Cu, and Zn are considered as a result of localization 
rather than pair-breaking effect in s±-wave model. 



PACS numbers: 74.62.Bf, 74.25.Dw, 74.70.Dd 

I. INTRODUCTION 

The existence of Fe-based superconductor family 
arouses unexpected rapidly development 1 3 , for that is 
not only a second class of high-T c superconductors af- 
ter the cuprate superconductors, but also because it is 
highly promising to understand the superconductivity 
(SC) mechanism of high-T c superconductors by compar- 
ing the two families. To data, it is probably the most cru- 
cial issue to confirm the pair-symmetry of the newly dis- 
covered superconductor, for which theoretical scientists 
proposed several possible models just after the discovery 
of the superconductors, among which the multi-gaped 
s-wave is generally acceptable, including the and 
«s ++ wavei— . Both states represent the same hole Fermi 
pockets, while have opposite signs for the electron pock- 
ets, namely, the s± wave is identified as a sign-reversal 
s-wave model, while a non-sign-reversal for the s ++ state. 
Recently results from various experiments can hardly get 
a consensus for identifying which state is the real na- 
ture of this superconductor—"—. Meanwhile, the d-wave 
model with opposite signs for the nearest-neighbor elec- 
tron pockets still remains competing with other models, 
once there are nodes on the hole pockets or even on both 
the electron and hole pockets ^ 13 ! 14 . More recently re- 
sults suggested that different systems in the iron-pnictide 
family may represent different pair- symmetry types, even 
that the pair-symmetry can be quite different from mate- 
rial to material^. The varieties of the possible scenarios 
arouse further investigations, among which the impurity 
substitution is one of the most promising ways to ad- 



dress the issue and even to uncover competing orders, 
because the pair-breaking mechanism from both mag- 
netic and nonmagnetic impurities should be different for 
these models. 

The iron-pnictide superconductor contains as common 
Fe 2 X 2 (X=As, P or Se) planes, which is well-known as 
the superconducting layer. The substitution of point de- 
fect impurities for Fe is introduced for understanding 
the physical properties, like what was comprehensively 
studied in cuprates. According to Anderson's theorem, 
the nonmagnetic impurity (NMI) cannot break pairing 
in an isotropic SC gap but for an anisotropic gapi^, 
while the pair-breaking effect of the magnetic impuri- 
ties is independent of gap type. Thus, the nonmag- 
netic point defects are of great important. The Zn 2+ 
with tightly closed d-shell is preferred as an ideal NMli£. 
Typically, Zn substitution for Cu was carried out over 
the last two decades on the cuprate superconductors 
such as YBa 2 Cu 3 7 -A~— , (La,Sr) 2 Cu0 4 ^^A and 
Bi 2 Sr 2 CaCu208±k22r^l A few at.% of the Zn acts as a 
strong scattering center and remarkably depresses SC due 
to the d-wave anisotropic gap for cuprates^ —. Since the 
doped Zn often plays a crucial role of pairing symmetry 
determination of previous superconductors, we may ex- 
pect that it works with the Fe-based superconductor as 
well. 

Previous Zn studies for the Fe-based superconduc- 
tor seem to be contradicted: Cheng et al. re- 
ported that the doped Zn can hardly affects SC of 
the p-type Bao.5Ko.5Fe 2 As2r^, as Li et al. did in 
LaFeAsOo.85Fo.i3^- However, we found that the SC 
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was completely suppressed by at most 3 at.% of Zn for 
LaFeAsOo.85 once using high-pressure method 2 ^. Com- 
parable result was obtained in the Ko.8Fe2- 2/ - ;E Zn a ;Se2 
superconductors 2 ^. Since the Zn substitution generally 
suffered from issue of the low melting point and high 
volatilit y 23 ! 24 , it is uncertain that whether Zn has been 
successfully substituted into the Fe-site for previous poly- 
crystals synthesized in ambient-pressure. Our recent 
studies indeed showed that more than 2 at.% of Zn were 
hardly doped into the n-type Ba(Fe,Co)2As2 supercon- 
ductor at ambient pressure condition^. In contrast, lin- 
ear T c suppression was found for the high-pressure pre- 
pared BaFe2-2^-2yZn2^Co2 2/ As2 superconductors 3 -^. To 
avoid overestimation of the net Zn we proposed growing 
highly Zn-doped single crystals of the Fe-based supercon- 
ductor by using a high-pressure technique. 

In this study, we studied the impurities effect on the 
p-type (Ba,K)Fe2As2 superconductors by a high-pressure 
and high-temperature method, for which magnetic and 
nonmagnetic elements around Fe were selected as the 
dopant, including 3d metals of Mn, Co, Ni, Cu and Zn, 
and Ru from Ad. The specific heat, magnetic and trans- 
port properties indicate that the SC is robustly against 
impurity of Ru, while weakly against the impurities of 
Mn, Co, Ni, Cu, and Zn. 



In the DC magnetic susceptibility (%) measurement, 
since the size of an individual crystal is too small to ob- 
tain accurate measurements, we loosely gathered small 
crystals (~30 mg in total) into a sample holder, and 
measured in Magnetic Properties Measurement System, 
Quantum Design. The sample was cooled down to 2 
K without applying a magnetic field (zero-field-cooling, 
ZFC), followed by warming to 45 K in a field of 10 Oe 
and then cooled down again to 2 K (field-cooling, FC). 

The cleaved single crystals were used for the in-plane 
DC electrical resistivity (p a b) measurement. To minimize 
the structure defects of the single crystals, we cleaved the 
crystals to ~1-10 /im in thickness and cut them into a 
quadrate slices shape as ~100x50 /im 2 . And then four 
terminals of the cleaved afr-plane were pasted with plat- 
inum wires by using silver paste. The p a b was measured 
between 2 K and 300 K in Physical Properties Measure- 
ment System - 9 T, Quantum Design. Such cleaved single 
crystals were also measured the Hall coefficient (Rh) in 
PPMS, where the electric current was along the afr-plane 
and H was applied parallel to c-axis. For the each sam- 
ple with amount of 12-14 mg crystal, we measured the 
specific heat (C p ) in PPMS-9T from 2 to 300 K by a 
heat-pulse relaxation method. 



II. EXPERIMENTAL 

Single-crystalline samples of Bao.5Ko.5Fe2As2 (BK) 
and Ba .5Ko.5Fe2-2xM 2 ^As2 (Af = Mn, x = 0.02 and 
0.05; M = Ru, Co, Ni, Cu and Zn, nominal x = 0.05, 
0.10 and 0.15) were prepared in a high-pressure appa- 
ratus as reported elsewhere 3 -^. Here the start materials 
are BaAs (lab made), KAs (lab made), FeAs (lab made), 
Fe (3N), Mn (>99.9%), Ru (>99.9%), Co (>99.5%), Ni 
(>99.99%), Cu (>99.9%) and Zn (4N). Note that the 
pellet was self-separated into sizes of around 0.3x0.2x0.1 
mm 3 or much smaller after it left in vacuum for 2-3 days. 
The selected single crystals were held on a MgO sub- 
strate with afr-plane parallel with the substrate, and then 
cleaved into thin slices along c-axis as discussed in early 
report 30 . To confirm the impurity substitution the crys- 
tals were measured in an electron probe micro-analysis 
(EPMA, JXA-8500F, JEOL) soon after cleaved. Table 1 
gives the real value of x for Bao.5Ko.5Fe2-2cc^2ccAs2 (M 
= Mn, Ru, Co, Ni, Cu and Zn) with start value of x = 
0.05. The result demonstrates little difference from the 
starting materials, although a slightly less concentration 
for Mn, Ru, Ni and Zn. However, we will use the real 
concentration of x for the following analysis. 

The cleaved single crystals were also studied by x- 
ray diffraction (XRD) method in the Rigaku Ultima-IV 
diffractometer using CuKa radiation. The single crystals 
were also ground and studied by a powder XRD method, 
and the results indicated that the tetragonal ThCr2Si2- 
type structure (74/rarara) is formed over the composi- 
tions without second phase 2 -* 3 ^. 



III. RESULTS AND DISCUSSION 

A. X-ray diffraction 

The XRD patterns for the cleavage plane of the sepa- 
rated crystals Ba0.5K0.5Fe1.9M0.1As2 (M = Fe, Mn, Ru, 
Co, Ni, Cu and Zn, which are abbreviated as BK, BK- 
Mn, BK-Ru, BK-Co, BK-Ni, BK-Cu and BK-Zn, re- 
spectively) are shown in Fig. 1(a). The obvious ori- 
entation toward [0 2n] (n is integer) indicates that 
the cleavage plane is the a6-plane of the ThCr2Si2-type 
structure. Note that the main peak (0 8) for every 
impurity-doped crystals indicates an obvious shift in 26 
as shown in Fig. 1(b), suggesting that the impurities 
were indeed doped into the crystal lattice. The lat- 
tice parameters obtained by assuming the same struc- 
ture for the powder XRD data are summarized in Ta- 
ble 1, as can be seen that the impurity-doping results in 
change for lattice parameters of both a and c. The un- 
systematic change in peak shift and lattice parameters 
seem unlike due to the basic change in size of doping 
ions. However, the difference between Fe-As and M- 
As bond size was considered as a crucial factor as dis- 
cussed in Ref. 15. In addition, a magnetic effect is possi- 
bly included in the c-axis expansion 3 - 2 -, especially for the 
nonmagnetic Zn ions, which results in nearly isotropic 
expansion for both a and c. Comparably, Zn-doped 
BaFei.gi-arZn^Coo.nAs^ and YBa 2 Cu 3 -3xZn 3:c 07- ( ^ 3 - 
also results in an isotropic expansion of the lattice. 
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TABLE I. The columns give the parameters (from left to right) of Bao.sKo.5Fe2-2xM2xAs2 (M = Fe, Mn, Ru, Co, Ni, Cu and 
Zn, nominal x=0.05): real atomic concentration of M(x) from the EPMA measurement, lattice parameters of a and c from 
powder XRD, T cp from resistivity data, and AC p /T cp . The samples of Bao.5Ko.5Fe2-2ccM2ccAs2 (M = Fe, Mn, Ru, Co, Ni, 
Cu and Zn) are abbreviated to BK, BK-Mn, BK-Ru, BK-Co, BK-Ni, BK-Cu and BK-Zn,respectively. 



Samples 


M{x) 


a (A) 


c(A) 


T CP (K) 


AC p /T cp (mJ mor 1 K~ 2 ) 


BK 


1 


4.014(2) 


13.298(2) 


37.78 


44.50 


BK-Mn 


0.039(2) 


3.984(1) 


13.196(3) 


9.53 


/ 


BK-Ru 


0.032(6) 


4.051(1) 


13.419(4) 


37.14 


73.49 


BK-Co 


0.052(2) 


4.038(1) 


13.383(4) 


30.31 


39.26 


BK-Ni 


0.039(4) 


3.990(1) 


13.229(1) 


26.75 


/ 


BK-Cu 


0.044(1) 


3.970(1) 


13.050(5) 


22.29 


/ 


BK-Zn 


0.040(2) 


4.102(2) 


13.322(3) 


30.15 


21.66 
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FIG. 1. XRD pattern of the single crystals 

Bao.5Ko.5Fe2-2c C M 2 c C As2 (M= Mn, Ru, Co, Ni, Cu and 
Zn, real x values are shown in Table 1). 



B. Magnetic measurement 

Fig. 2 shows T dependence of the Bao.5Ko.5Fe2As2 
and Ba .5Ko.5Fe2-2xM 2a ,As2 (M = Mn, Ru, Co, Ni, Cu 
and Zn), where the impurity concentration of x is ob- 
tained from the EPMA measurements. The host crys- 
tal BK shows the maximum T c of 38 K as reported 
elsewhere 2 . Obviously, the SC of Bao.5Ko.5Fe2As2 shows 
strong against with the Ru impurity, which is accor- 
dance with the previous studies on the Ru substitu- 
tion effect on LaFeAsOi-^F^. 34 and NdFeAsO0.89F0.11 
superconductors^. The magnetic impurity of Mn indi- 
cates the sharpest T c suppression among all impurities. 
It is surprising that the T c -reduction effect from the 3d 
transition metals (Co, Ni, Cu and Zn) are similar each 
other, regardless of magnetic or nonmagnetic impurities. 



C. Transport property 

Transport properties provide direct information for the 
influence of impurities or defects on various SC proper- 
ties, including the carrier properties, coupling between 
charges, spin degrees of freedom, and more importantly 
the pair-breaking symmetr y 16 ! 17 . To obtain a reliable 
transport data high-quality single crystals are essential 
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FIG. 2. x vs. T for Ba .5Ko.5Fe2-2xM 2 xAs2 (M Mn, Ru, 
Co, Ni, Cu and Zn) at H = 10 Oe. 



with substitution of impurities. Fig. 3 shows the tem- 
perature dependence of afr-plane resistivity (p) for the 
Ba .5Ko.5Fe2-2^M 2a ,As2 (M = Fe, Mn, Ru, Co, Ni, 
Cu and Zn). The T c was defined from the peak value 
for the plots of dp / dT vs. T. It is clearly observed 
that T c goes down with substitution of Mn, Co, Ni, 
Cu and Zn, while is weekly suppressed by Ru, well ac- 
cordance with the magnetic results. Note that for the 
Ba .5Ko.5Fe2-2xMn 2a ,As2 (x = 0, 0.013 and 0.039), the 
p-T curves are almost parallel each other at the high-T re- 
gion as above T c . Such behavior establishes that the hole 
content is modified by the defects rather than the electron 
irradiation. At low-T on the other hand, an upturn in the 
p-T curve is observed with substitution of defect content 
(x < 0.05). This phenomenon has been often interpreted 
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FIG. 3. p vs. T for Ba .5Ko.5Fe 2 -2*M 2x As2 (M = Mn, Ru, 
Co, Ni, Cu and Zn). 



as the occurrence of localization. In case of Ru-doped 
crystals, the p-T curves show almost parallel upturn with 
substitution of Ru at both high- and low-T regions, sug- 
gesting the absence of localization. The p-T curves for 
the Co, Ni, Cu and Zn-doped crystals are observed no 
parallel shift from that of the impurity-free crystal. How- 
ever, the low-T upturns of the resistivity appear for the 
impurity-doped crystals due to localization, regardless 
of magnetic or nonmagnetic impurities. Typically, the 
high-level Zn-doped crystals Bao.5Ko.5Fe2-2xZn2 X As2 (x 
= 0.139) indicates a dramatically low-T upturn from lo- 
calization, similar phenomenon was observed in the Zn- 
substituted A(Fe,Zn,Co)2As2 superconductors 3 -^^. 

As the resistance of the superconductor shows a metal- 
like behavior, it decreases linearly with temperature at 
high- temperature regions. Therefore, we define the resid- 
ual resistivity po by the extrapolation of T-linear resistiv- 
ity to K for the linear T-dependence at high-T region. 
The residual resistivity po gradually increased with in- 
creasing doping level except Ru, and the increasing rate 
of po with x are -98.2, 22.3, 42.8, 46.2 and 35.1 /iftcm/% 
for Mn, Co, Ni, Cu and Zn, respectively. The residual re- 
sistivity is due to defect scattering, although it is not easy 
to obtain accurate determinations of the scattering rate 
directly from resistivity data, an alternative approach is 
to seek information from the decrease of T c induced by 
the scattering centers^. Fig. 4 shows the residual re- 
sistivity po dependence of AT C , where the T c data are 
from resistivity measurements. The T c is gradually sup- 
pressed with increasing po for all impurities except Ru. 
The T c is nearly independent of po for the substitution 




_4Q ' 1 1 1 1 1 1 
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FIG. 4. AT C as a function of residual resistivity (po) for the 
superconductors of Bao.5Ko.5Fe2-2xM2xAs2 (M= Mn, Ru, 
Co, Ni, Cu and Zn). 
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FIG. 5. (a) Hall coefficient (Rh) vs. T and (b) carrier den- 
sity (n) vs. T for single-crystalline Bao.5Ko.5Fe2-2xM2xAs2 
(M=Fe, Mn, Ru, Co, Ni, Cu and Zn, real x values are shown 
in Table 1). 



of Ru, while suppressed by impurities of Mn, Co, Ni, Cu 
and Zn as suppression rate of 66.77, 76.78, 46.43, 51.67 
and 59.45 K/m(]cm, respectively. Note that these impu- 
rities are observed as similar suppression rate. However, 
the theoretical residual resistivity per 1% impurity with 
delta- functional strong potential is just ~20 /iOcm, and 
SC will also vanish with doping 1% of either magnetic or 
nonmagnetic impurities for the s± wave model-". Con- 
sequently, the suppression rate is around 1900 K/mOcm, 
indicating that the impurity scattering cross section is 
enlarged by the many-body effect, other than the pair- 
breaking effect^!, which we will discuss in detail in the 
discussion part. 

Fig. 5 shows the T dependence of Hall coefficient (Rh) 
and carrier density (n) for the BK, BK-Mn, BK-Ru, BK- 
Co, BK-Ni, BK-Cu and BK-Zn single crystals. The data 
for the impurity-free crystal accesses to the early data 
[25,37]. With substitution of 5 at. % of Mn, Co, Ni or Cu, 
the BK crystal is observed slightly reducing in Rh, while 
increasing carrier density. Sato and co-worker a 1Q i 34 i 35 
proposed that the decrease in the absolute magnitude of 
Rh is due to the weakening of the magnetic fluctuations, 
as in the case of the thermoelectric power S. However, 
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f(K) T(K) T(K) 

FIG. 6. Specific heat dependence of the temperature for Bao.5Ko.5Fe2-2ccM2xAs2 (M = Mn, Ru, Co, Ni, Cu and Zn), where 
inset of each figure demonstrates the derivation of C p to T, and the arrows indicate the heat capacity anomaly. 




T(K) T(K) 7(K) 

FIG. 7. Specific heat dependence of the temperature for Bao.5Ko.5Fe2-2ccM2xAs2 (M = Mn, Ru, Co, Ni, Cu and Zn) with and 
without magnetic field of 7 T. 
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FIG. 8. T c vs. x for the superconductors of 
Bao.5K .5Fe2-2xM 2;E As2 (M= Mn, Ru, Co, Ni, Cu and Zn). 



it is surprisingly that the impurities of Ru and Zn result 
in a negative Rh, which seems like that the introduc- 
tion of Ru and Zn ions yield the charge carrier type from 
hole-doping to electron-doping. For the normal state, we 
found there is no significant change over various substi- 
tutes, indicating that the transition-metal substitution 
do not substantially alter the actual carrier density. This 
is reasonable because the substitution is isovalent. Re- 
garding the previous impurity effect on charge carrier 
of both Fe-based and Cu-based superconductors, fairly 
little change was observed in the Rh measurements as 
we ll22a2a. The actual carrier density change by transition- 
metal impurities does not account for the systematic T c 
decrease 5 . 



D. Specific heat data 

The temperature dependent specific heat (C p ) in zero- 
field for the BK, BK-Mn, BK-Ru, BK-Co, BK-Ni, BK- 
Cu and BK-Zn are given in Fig. 6, where inset of each 
figure demonstrates the derivation of C p to T. Obvious 
heat capacity anomaly, indicated by the arrow, is asso- 
ciated well with the SC transition temperature for BK, 
BK-Ru, BK-Co, BK-Ni, and BK-Zn. However, there is 
almost absence of anomaly at T c for the BK-Mn and 
BK-Cu. It is possible that disorder regarding impu- 
rity distribution causes inhomogeneous SC states, much 
broadening the expected peak, and the broad anomaly is 
masked by the lattice contributions^^. In addition, it 
was found that the character of the anomaly is strongly 
doping dependence 41 . However, the reason for the ab- 
sence of anomaly in Mn-, Ni-, and Cu-substituted sam- 
ples need further investigation. Fig. 7 shows the C p -T 
curves in both fields of and 7 T at around T c , from 
which we estimate the specific heat jump (AC p /T cp ) for 
these transitions at zero-field as shown in Table 1, where 



FIG. 9. Tc/Tco vs. a with various calculations for 
Bao.5Ko.5Fe 2 -2xM 2 xAs2 (M= Mn, Co, Ni, Cu and Zn). The 
T c of each impurity-doped sample is normalized with T c o of 
the impurity-free compound. The pair-breaking rate a is es- 
timated as a = 0.88zApo/T c o, where Apo is the difference 
of the residual resistivity from that of impurity- free crystals, 
and z is the renormalization factor, for which we take z — 0.5 
from ARPES in 122 superconductor^. 



T cp is the T c estimated from resistivity data. It is ob- 
served that the impurities substitution change weekly on 
superconducting phase as judged from the size of specific 
heat jump, although the Co and Zn substitution reduced 
weekly on AC p /T cpi as well as the Ru- doping enhances 
the AC p /T cp (73.49 mJ mol -1 K" 2 ) to about two times of 
the impurity- free sample (44.50 mJ mol -1 K -2 ). On the 
other hand, the applied magnetic field of 7 T is not large 
enough to suppress the anomaly (see Fig. 7) due to the 
high upper critical fields (> 55 T). Since both the super- 
conducting temperature and the upper critical fields in 
these superconductors are relatively high, we can hardly 
make a reliable estimate of the normal state electronic 
specific heat. 



IV. DISCUSSION 

We have described the influence of impurities on the 
magnetic, transport and specific heat properties in the 
Bao.5Ko.5Fe2As2 superconductor. On basis of these re- 
sults, we focus on the discussion of pair-breaking effects 
in terms of both s± and s ++ wave states. 

Based on density functional calculations it was found 
that the impurity effects in iron-based superconductors 
can be classified into three groups according to the de- 
rived parameters: (i) Mn (0.3 eV), Co (-0.3 eV), and 
Ni (-0.8 eV), (ii) Ru (0.1 eV) and (hi) Zn (-8 eV) 42 . 
Among these impurities the nonmagnetic Zn works as 
a unitary scattering potential that is comparable to the 
bandwidth, as a result of the quite strong potential. Con- 
sequently, it is expected as strictly pair-breaking effect on 
the anisotropic SC gaps. According to Ref. 7 the reduc- 
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tion in T c due to strong impurity potential in the s± 
wave state is ~50z K/%, where z is the renormalization 
factor (= m/m*; m and m* are the band- mass and the 
effective mass, respectively). The effective mass was esti- 
mated as 2m e from ARPES in 122 superconducto r 43 ^ 4 ; 
thus we obtain the suppression rate of 25 K/% for z = 
0.5. In contrast, the T c would be weakly suppressed 
by impurities in the s++ wave state, due to the follow- 
ing reasons: (i) suppression of the orbital fluctuations, 
which is a possible origin of the s ++ wave state, because 
of the violation of the orbital degeneracy near the im- 
purities, and (ii) the strong localization effect in which 
the mean-free-path is comparable to the lattice spacing^. 
These may account for the observed T c decrease. In our 
present results, the decrease of the x an d p-defined T c 
(T cx and T cp ) with doping level x for the supercon- 
ductors of Bao.5Ko.5Fe2-2;rM2xAs2 (M= Mn, Ru, Co, 
Ni, Cu and Zn) is given in Fig. 8. We estimated the 
suppression rate of Zn is 2.22 K/% by applying a linear 
function to the T cp vs. x, which is well accordance with 
the BaFei.89-2arZn2a;Coo.iiAs2 superconductors 30 . The 
observed robustness of SC seems like to contradict with 
the nonmagnetic impurity quantitatively in the s± wave 
model. Applied a linear function to the T c p -x, the sup- 
pression rates for Mn, Ru, Co, Ni, and Cu are 6.98, 0.27, 
1.73, 2.21 and 2.68 K/%, respectively. Among these im- 
purities Mn is observed as the strongest suppression ef- 
fects, even though such influence is quite weaker than 
what was expected from the s± wave model. The negli- 
gent suppression effect from Ru in present compound is 
consistent with in the llll-syste m 1Q i 45 . The other tran- 
sition metal impurities show less difference in suppression 
effect with Zn. 

On basis of previous pair-breaking analysis in the 
BaFei.89-2xZn2a;Coo.iiAs2 superconductors 3 ^, we cal- 
culated the pair-breaking rate a = ztvy /2k]lbT c o for 
Bao.5K .5Fe2-2^M 2a; As2 (M = Mn, Ru, Co, Ni, Cu and 
Zn), where T c o is the T c of the impurity- free compound, 
and 7 is the electron scattering rate. Previous theoreti- 
cal study proposed a relation between 7 and Apo as Apo 
(fiQcm) = O.I87 (K) in terms of five-orbital model for 122 
systems, here Apo is the difference of the residual resistiv- 
ity of the impurity-doped and impurity- free crystals. For 
the 5±-wave state, the SC should vanish in the range a 
> af = 0.22 7 . For the present experiment, we estimated 
a = 0.88zApo/^cO by using z = 0.50 as shown in Fig. 9. 
The T c /T c0 vs. a data change in roughly linear; thereby 
we applied a linear function to the data and estimated 
the critical pair-breaking parameters as 6.52, 5.23, 4.24, 
5.41 and 6.05 for impurities of Mn, Co, Ni, Cu and Zn, re- 



spectively. Comparably result was obtained for the pair- 
breaking effect of Zn in the BaFei.89-2a;Zn2 X Coo.iiAs2 
superconductors as a = 11.49 with z = 0.5. Resent data 
for the proton irradiated Ba(Fe,Co)2As2 showing simi- 
lar results as those of our chemical doping 4 ^. Obviously, 
the pair-breaking parameters experimentally estimated 
for the present compound are far above the limit af = 
0.22 for the s±-wave model, suggesting that the realiza- 
tion of the s ++ wave state rather than the s±-wave model 
in the 122-type Fe-based superconductor. 



V. CONCLUSIONS 

To summarize, we have studied the superconductiv- 
ity suppression effect on Bao.5Ko.5Fe2-2x^2^As2 single 
crystals by substitution of transition-metal (M = Mn, 
Ru, Co, Ni, Cu, and Zn). The superconductivity of the 
p-type iron-based superconductor shows robustly against 
impurity of Ru, while weakly against the impurities of 
Mn, Co, Ni, Cu, and Zn, whose T c suppression rate are 
6.98, 1.73, 2.21, 2.68, and 2.22 K/%, respectively. Mn is 
observed as the strongest suppression effects, while the 
other transition metal impurities of Co, Ni, Cu, and Zn 
show similar suppression effect regardless of magnetic or 
nonmagnetic property. However, the present T c suppres- 
sion rate of both magnetic and nonmagnetic impurities 
remains much lower than what is expected for the s±- 
wave model. The temperature dependence of resistiv- 
ity data was observed an obviously low-T upturn for the 
high-level impurity-doped crystals, which is due to the 
occurrence of localization. The relatively weak T c sup- 
pression effect from Mn, Co, Ni, Cu, and Zn are consid- 
ered as a result of localization rather than pair-breaking 
effect in s±-wave model. However, another scenario to- 
ward the non-sign reversal s-wave model (s ++ -wave) is 
more likely for the present superconductors. 
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